The main goal of our study is the analysis of data obtained from molecular modeling for a series of imidazole derivatives that possess strong antifungal activity. The research was designed to use artificial neural network (ANN) analysis to determine quantitative relationships between the structural parameters and anti-Streptococcus pyogenes activity of a series of imidazole derivatives. ANN in association with quantitative structure-activity relationships (QSAR) represents a promising tool in the search for drug candidates among the practically unlimited number of possible derivatives. In this work, a series of 286 imidazole derivatives presented as cationic three-dimensional structures was used. The activity was expressed as a logarithm of the reciprocal of the minimal inhibitory concentrations, log 1/MIC. Multilayer perceptron ANN was used for predictions of antimicrobial potency of new imidazole derivatives on the basis of their structural descriptors. The obtained correlation coefficient equaled 0.9461 for the learning set, 0.9060 for the validation set and 0.8824 for the testing set of imidazole derivatives. Hence, satisfactory and practically useful predictions of antiStreptococcus pyogenes activity for a series of imidazole derivatives was obtained, supporting the future successful interpretation of QSAR analysis for those compounds.
Introduction
Current pharmacotherapy still requires novel antimicrobiological medicines in order to effectively fight the risks caused by micro-organisms. An increasing number of strains of microorganisms resistant to known compounds have motivated scientists to undertake further research. In that respect, an interesting group of compounds are azols, particularly imidazoles ( Figure 1 ) and their derivatives, which possess strong antibacterial and antifungal activity. They are important compounds due to their roles in biological systems, particularly when considering enzymes as proton donors or acceptors, coordination system ligands and the base for charge-transfer processes. These molecules belong to the group of surface active compounds, so they have proven antiseptic properties and are used to disinfect sanitary surfaces [1] . The mechanism of action of quaternary ammonium compounds depends on the disruption of the cell membrane and allowance of the connection of a positive-charged group with a negativecharged phosphatic group of phospholipids. In that way, cells of bacteria are isolated from the medium and the multiplication is inhibited. Dependence on structure compounds is related to various types of antimicrobial activity [2] [3] [4] . The significance of the position of a substituent in a compound structure for biological activity was proven when investigators evaluated antibacterial activity of two analogs of imidazole derivatives, 5-nitroimidazole and 4-nitroimidazole. A different influence of those analogs on two other groups of micro-organism was also noted [5] .
Streptococci are gram-positive, spherical or ovoid cells arranged in chains or pairs. They belong to Lancefield serogroup A, also known as Group A streptococci (GAS). Many species of streptococci are members of the commensial microflora; they tend to colonize the upper respiratory tract and are highly virulent as they overcome the host defense system. Streptococcus pyogenes causes diseases such as severe invasive infections, the post-streptococcal sequelae of acute rheumatic fever and rheumatic heart disease, acute glomerulonephritis, and uncomplicated pharyngitis pyoderma, as well as cellulitis, bacteremia, necrotizing fasciitis, and toxic shock syndrome [6] [7] [8] . S. pyogenes is sensitive to the action of imidazole salts, and those compounds have been specifically analyzed to search for new and efficient drugs [9, 10] .
An artificial neural network (ANN) is a mathematical model analysis that is inspired by the way biological nervous systems, such as the brain, process information. Neural networks are non-linear statistical data modeling tools and can be used to model complex relationships between inputs and outputs or to find patterns in data. An ANN is configured for a specific application, such as pattern recognition or data classification, through a learning process. The increasing use of those models in sciences such as chemistry and biology has been noted since the 1980s. ANNs have been applied in the identification of potential drug targets, modeling of QSAR, compound classification and identification of potential drug candidates [11] [12] [13] [14] [15] .
Quantitative structure-activity relationship (QSAR) represents an advance by which structural descriptors of a compound are quantitatively correlated with a well defined process, such as biological activity or chemical reactivity. These molecular descriptors are determined empirically and most often by computational methods characterizing physicochemical, pharmacological and toxicological properties of compounds [16, 17] .
We analysed anti-Streptococcus pyogenes activity of minimum inhibitory concentranion (MIC) and threedimensional QSAR studies for a series of imidazole derivatives. The compounds have been reported in recent literature [2, 17] and belong to the class of quaternary ammonium salts used as disinfectants. The aim of our research was to determine the quantitative relationships between structural parameters and the antimicrobial activity of a series of imidazole derivatives with the use of artificial neural networks. In that way, ANN in association with QSAR could represent a promising tool in the search for drug candidates among the practically unlimited number of possible derivatives.
Material and methods

Imidazole derivatives
The imidazole derivatives and their antimicrobial activities have been described previously [2, 17] . Reported data on a series of 286 imidazole derivatives were used. The MIC values that represented the lowest concentration at which there was no visible growth of S. pyogenes ATCC 81 and S. pyogenes ATCC 101 were obtained. Anti-S. pyogenes activity was measured in the tube dilution test, which is the standard method for determining levels of resistance to antimicrobial substances. Serial dilutions of the compounds were prepared in the Müller-Hinton medium obtaining the following concentrations: 500, 375, 187.5, 93.7, 46.9, 23.4, 11.7, 5.9, 2.9, 1.5, 0.75, 0.38, and 0.19 mg/l. After that, 0.1 mL of diluted 24-hour culture suspension was added to each of the tubes. Growth of S. pyogenes was determined visually after incubation for 24 hours at 37°C. The highest dilution without growth was considered as the MIC. Antifungal activity was measured as the logarithm of the reciprocal of minimum inhibitory concentration against S. pyogenes, log 1/MICexp.
Molecular modeling
The three-dimensional structures of the 286 imidazole derivatives at their cationic state were calculated using Gaussian 03, Revision D.01 (Gaussian, Wallingford CT, USA). All geometry optimizations were performed on isolated molecules applying semiempirical AM1 methods. These quantum mechanical calculations were also used to determine selected descriptors: HF-the heat of formation [kcal/mole], µ-dipole moment (debye), DELH-the energy difference [eV] between the frontier molecular orbitals, ELUMO -EHOMO, where ELUMO is the energy of the lowest unoccupied molecular orbital and EHOMO is the energy of the highest occupied molecular orbital. All these descriptors were calculated using the CACheWorkSystem Pro version 7.5.0.85 package (CACheWorkSystem Pro, Fujitsu, Oxford, Great Britain). Furthermore, the molecular descriptors were calculated using DRAGON for Windows version 5.5-2007 package (Talete, Milano, Italy). The Dragon descriptors included 22 different logical blocks. The total number of calculated descriptors was 3224.
Descriptor dimensionalities proposed by DRAGON were 0D, 1D, 2D, 3D and "others". The subset 0D referred to atom and bond type counts, 1D to fragment counts, 2D to topological and related descriptors, and 3D to all the descriptors that depended on the geometrical coordinates of the molecule atoms. The subset of "others" included charge descriptors and molecular properties.
Several descriptor groups were analysed. Constitutional descriptors included 0D-descriptors independent from molecular connectivity and conformations Mw -molecular weight, Mp -mean atomic polarizability (scaled on Carbon atom) and sum of atomic properties such as: Sv -sum of atomic van der Waals volumes (scaled on C atom), Se -sum of atomic Sanderson electronegatives (scaled on C atom), Sp -sum of atomic polarizabilities (scaled on C atom), Ss -sum of Kier-Hall electrotopological states. Topological descriptors (2D-descriptors) included molecular connectivity index (c 0 , c 1 , c 2 ), average connectivity index (c 0A , c 1A , c 2A ), valence molecular connectivity index (c 0V , c 1V , c 2V ) a , index quantifying the shape of a chemical system (k 1 , k 2 , k 3 ) [19, 20] . These molecular descriptors were obtained from molecular graph, i.e., 2D-descriptors conformationally independent. They were numerical quantifiers of molecular topology obtained by the application of algebraic operators to matrices representing molecular graphs of values independent of vertex numbering or labelling. They could be sensitive to one or more structural features of the molecule such as size, shape, symmetry, branching and cyclicity and could also encode chemical information concerning atom type and bond multiplicity. Weighted Holistic Invariant Molecular (WHIM) descriptors were geometrical descriptors (3D) obtained as statistical indices of the atoms projected onto the 3 principal components obtained from weighted covariance matrices of the atomic coordinates [21] . Calculating WHIM descriptors included volume total size index (unweighted or weighted by atomic: masses; Sanderson electronegatives; van der Waals volumes; polarizabilities; electrotopological states) and K global shape index (unweighted or weighted by atomic: polarizabilities; Sanderson electronegativities). Molecular properties (subset of "others" descriptors) were calculated from models together with some empirical descriptors that included log P (octanol-water partition coefficient), MRmolar refractivity, TPSA (Tot) -topological polar surface area (scaled on N, O, S, P) and TPSA (NO) -topological polar surface area (scald on N, O) [22, 23] .
Several criteria were used to reduce the number of descriptors while optimizing the information content of the descriptors set. First, descriptors for which no value was available for all the compounds were disregarded. Secondly, the descriptors showing the same value (or nearly the same) for all compounds were excluded. For the remaining descriptors, if two descriptors showed a correlation coefficient greater than 0.9, the one showing the highest pair correlation with the other descriptors was removed. Indeed, the threshold value of the correlation coefficient of 0.9 is somewhat high, but this is the lowest value included in the software to exclude correlated descriptors. Usually, when the number of descriptors obtained after the preliminary screening is high, further exclusion procedures are applied.
Finally, the chosen descriptors were used as regressors of the model. They are shown in Table 1 , and their detailed description can be found in the literature [21] [22] [23] [24] . The value of each descriptor for 286 imidazole derivatives used in ANN is listed in Table 1S .
ANN analysis
We used a multilayer perceptron artificial neural network, which was performed with the use of Statistica v. 8.0 software (StatSoft, Inc., Tulsa, USA) with the Automated Artificial Neural Networks module (www.statsoft. com). To keep the network structure as simple as possible, the ANN consisted of three layers: an input layer with 38 neurons, a hidden layer adjusted experimentally that consisted of 8 artificial neurons of tanh (hyperbolic tangent ) activation function and a single output neuron of exponential activation function. The total set of 286 imidazole analogs was randomly subdivided into three sets: training (202 objects), validation (42 objects) and testing (42 objects). Before this procedure, all data sets were scaled within 0-1 range. The training set was the largest set of data, and it was subjected to the learning process. The algorithm that has been used for network training was Broyden-Fletcher-Goldfrab-Shanno BFGS (Quasi-Newton). After that, during a learning process, a test was performed to evaluate the generalization ability of a trained network. Next, a final check on the trained network was used with a validation set. The full training process was controlled by a root-mean-square (RMS) error reaching the smallest value with regard to the validation set of data. The program was stopped automatically when received the smallest value of RMS error. The most suitable network was found in epoch 87. The architecture and learning curves are presented in Figure 2 . The validation set was used to ensure that there was no overfitting in the final results. The test set was designed to provide independent assessment of the network's performance when an entire procedure for network design was completed.
Results and discussion
The ANN model was projected, built up and trained. During the training process data from the learning sets were presented to the ANN to recognize connectivity between input and output signals. Correlation analysis is a technique use to measure the association between two variables. The results of correlation analysis obtained in this paper are presented in Figure 3 . There are significant correlations between the theoretically calculated molecular descriptors and the experimentally determined antibacterial activity. The obtained correlation coeffi cient was 0.9461 for the learning set, 0.9060 for the validation set and 0.8824 for the testing set of imidazole derivatives. Additionally, the sensitivity analysis for input variables provided important information about the usefulness of individual variables [16, 25] . On the basis of that analysis, the most significant predictive factors include WHIM, molecular indices and connectivity indices. The importance of usefulness of the individual descripors is listed in order of the rank in Table 2 . The most significant descriptors used with the rank close to 1 were K global shape index/weighted by atomic polarizabilities, K global shape index/unweighted, and K global shape index/weighted by atomic Sanderson electronegativities. The least significant with the rank close to 38 included volume total size index/weighted by atomic electrotopological states, volume total size index/weighted by atomic van der Waals volumes, and Shape Index (basic kappa, order 1). All the WHIM descriptors were built in such a way as to capture relevant molecular three-dimensional information regarding molecular shape, size, symmetry, and atom distribution with respect to the invariant reference frames. Their usefulness has been confirmed in such examples of modeling as toxicological indices, physiochemical properties of polichlorbiphenyls, polycyclic aromatic hydrocarbons, hydroxyl radical rate constant and soil sorption partition coefficients [24] . The examples of modeling with the use of WHIM descriptors could suggest their further use in prediction of activities of other compounds, like the set with antimicrobial activities in our research. Previous studies have shown the benefits of the use of ANN analysis in prediction of antimicrobial activity of different imidazole derivatives against many microorganisms [11, 15, 16] . Currently, the ANN predicted log1/MIC values were also significantly correlated with experimentally obtained log 1/MIC. The comparison of the predicted and experimental log 1/MIC as a means of difference between experimental and predicted log 1/ MIC values (Δ) is presented in Table 1S .
Conclusion
The objective of our study was to demonstrate the possibility of constructing ANN for predictions of antimicrobial activity of imidazole derivatives against Streptococcus pyogenes of a defined structure. The results confirm the benefits of ANN analysis as a convenient tool to predict the log1/MIC for S. pyogenes with reference content of imidazole derivatives. The proposed method based on the database with a representative compounds group might be used for initial classification of biologically important elements and could be included in the set of methods of QSAR analysis. 
